The accessory protein RAMP2 is a component of the CLR/RAMP2 dimeric adrenomedullin (AM) receptor and is the primary determinant of the vascular functionality of AM. RAMP2 is highly expressed in the brain; however, its function there remains unclear. We therefore used heterozygous RAMP2 knockout (RAMP2+/−) mice, in which RAMP2 expression was reduced by half, to examine the actions of the endogenous AM-RAMP2 system in cerebral ischemia. To induce acute or chronic ischemia, mice were subjected to middle cerebral artery occlusion (MCAO) or bilateral common carotid artery stenosis (BCAS), respectively. In RAMP2+/− mice subjected to MCAO, recovery of cerebral blood flow (CBF) was slower than in WT mice. AM gene expression was upregulated after infarction in both genotypes, but the increase was greater in RAMP2+/− mice. Pathological analysis revealed severe nerve cell death and demyelination, and a higher level of oxidative stress in RAMP2+/− mice. In RAMP2+/− mice subjected to BCAS, recovery of cerebral perfusion was slower and less complete than in WT mice. In an 8-arm radial maze test, RAMP2+/− mice required more time to solve the maze and showed poorer reference memory. They also showed greater reductions in nerve cells and less compensatory capillary growth than WT mice. These results indicate the AM-RAMP2 system works to protect nerve cells from both acute and chronic cerebral ischemia by maintaining CBF, suppressing oxidative stress, and in the case of chronic ischemia, enhancing capillary growth.
Introduction
Although the mortality rates for cerebrovascular diseases have declined in recent years, thanks to advances in treatment, they continue to be important life-threatening ailments. Furthermore, the prevention and management of the aftereffects and disability caused by cerebrovascular diseases are urgent social problems, Abbreviations: AM, adrenomedullin; RAMP, receptor activity-modifying protein; CLR, calcitonin-receptor-like receptor; CNS, central nervous system; WT, wild-type; MCAO, middle cerebral artery occlusion; BCAS, bilateral carotid artery stenosis; CBF, cerebral blood flow; 8-OHdG, 8-hydroxy-2 -deoxyguanosine; GFAP, glial fibrillary acidic protein.
especially in aging societies. Cerebrovascular diseases include cerebral infarction, cerebral hemorrhage, subarachnoid hemorrhage, subdural hematoma, and moyamoya disease, among others, with cerebral infarction affecting the largest number of patients. In cerebral infarction, a thrombus is formed in a brain blood vessel and the neurons supplied by that vessel undergo ischemic damage, leading to motility and sensory dysfunction. In addition, cerebral infarctions can also be the cause of vascular dementia resulting from chronic cerebral hypoperfusion. Next to Alzheimer's disease, vascular dementia is the second most common form of dementia; however, no effective treatments for vascular dementia have yet been established. It appears that improving the prognosis of patients with cerebrovascular disease will require new approaches to treatment, perhaps focusing on vascular homeostasis. Adrenomedullin (AM) was originally identified as a vasodilatory peptide from human pheochromocytoma [11] . It is now known that AM is expressed and secreted by various organs and exhibits a http://dx.doi.org/10.1016/j.peptides.2014.08.013 0196-9781/© 2014 Elsevier Inc. All rights reserved. wide array of bioactivities. For example, AM suppresses antioxidative stress [30, 31] , inflammation [8] and apoptosis [23, 37] , whereas it stimulates the proliferation, migration and differentiation of various cell types [9, 10, 17] . It is also involved in the regulation of hormone secretion [24, 25] and exerts organ-protective effects [21, 22] , as well as its vasodilatory effect. We previously reported that homozygous AM knockout (AM−/−) mice die in utero due to defective vascular development, which highlights the angiogenic function of AM [32] . AM is also distributed in the central nervous system (CNS); cerebrovascular cells, neurons and glial cells all secrete AM. Furthermore, intracerebroventricular administration of AM leads to reductions in drinking, salt intake and eating behavior [18, 26, 34] . Recently, Maki et al. reported that tissue injury after chronic cerebral ischemia was reduced and cognitive function was improved in AM-overexpressing mice as a result of enhanced neovascularization [13, 14] . Although these results sparked much interest in the potential clinical application of AM for the treatment of cerebrovascular diseases, the very short half-life of AM in blood limits its applicability for chronic diseases, which require long-term therapy. We have therefore been concentrating on the AM receptor system as an alternative therapeutic target. The AM receptor is a heterodimer composed of calcitonin receptor-like receptor (CLR; a seven-transmembrane G-protein coupled receptor) and an accessory protein called receptor activity-modifying protein (RAMP). Three RAMP isoforms have been identified (RAMP1, 2, 3). We previously showed that homozygous RAMP2 knockout (RAMP2−/−) mice die in utero due to the same defective vascular development seen in AM−/− mice, and demonstrated that RAMP2 is the key determinant of the vascular functionality of AM [5] .
In the present study, we investigated the pathophysiological significance of RAMP2 in cerebral ischemia. To do so, we generated acute and chronic cerebral ischemia models using heterozygous RAMP2 knockout (RAMP2+/−) and wild-type (WT) mice, and evaluated the efficacy of RAMP2 as a therapeutic target in cerebrovascular disease.
Material and methods
Experimental animals RAMP2+/− mice were generated by our group [5] . Because RAMP2−/− mice die in utero, we used male RAMP2+/− and their WT littermates (10 to 12-week-old male mice for MCAO and 9-week-old male mice for BCAS) in this study. All animal handling procedures were performed in accordance with a protocol approved by the Ethics Committee of Shinshu University.
Middle cerebral artery occlusion (MCAO)
MCAO, an operative procedure to cause acute cerebral ischemia, was performed in WT and RAMP2+/− mice as described by Shah et al. [28] . Briefly, 1.5-cm of 6-0 nylon surgical suture was coated with silicone to make an embolic filament. Mice were anesthetized with isoflurane, and the right common carotid artery was exposed. Blood flow in the external carotid artery was permanently intercepted using an electric knife. The common carotid artery was clipped, intercepting the blood flow, and the embolic filament was inserted from the external carotid artery into the middle cerebral artery. The filament was then removed after 2 h.
Cerebral blood flow (CBF) was measured using an OMEGAZONE OZ-1 laser Doppler blood flow imaging system (Omegawave Inc., Japan). After 24 h, the brains were removed for pathology and gene expression analysis.
Bilateral common carotid artery stenosis (BCAS) and behavioral analysis
BCAS is an operative procedure to cause chronic cerebral ischemia by attaching an external microcoil (internal diameter: 0.18 mm) to the bilateral common carotid arteries. We performed BCAS in WT and RAMP2+/− mice as described previously [13, 29] . Briefly, mice were anesthetized with isoflurane, and the common in each. Both mice showed acute reductions of CBF immediately after the operation, which then gradually recovered. By the end of the study (day 28), CBF reached about 80% of the pre-operative level. RAMP2+/− mice showed a greater reduction of CBF at an early stage after the operation (2-24 h).
carotid artery was exposed. Two 4-0 silk sutures were then placed loosely around distal and proximal parts of the artery and, using the sutures, the artery was lifted, enabling the microcoil to be attached below the carotid bifurcation. Sham animals were subjected to the same surgery, but the microcoil was not attached. CBF was measured using a laser Doppler blood flow imaging system prior to the operation; immediately after the operation; 2, 6, and 12 h after the operation; and 1, 3, 7, 14, 21 and 28 days after the operation.
Beginning 28 days after attaching the microcoil, we evaluated the behavior of each mouse using an 8-arm radial maze (SMART v3.0.00, Panlab, Spain). For the task, the mice were pretrained to find food pellets within the maze. In the behavioral trials, we counted the numbers of correct choices (visits to an arm with a food pellet) during the initial 4 choices in the maze. We also recorded reference memory errors (counts of visits to arms without a food pellet) and the average time required to take all the food pellets. After the behavioral trials, the brains were removed for pathology and gene expression analysis.
Histology
Tissues were fixed overnight in 4% paraformaldehyde, embedded in paraffin, and cut into 7-m-thick sections for histological examination. The specimens were then deparaffinized for hematoxylin/eosin (H&E) staining, cresyl violet staining, Kluver-Barrera staining, and TUNEL. Immunostaining was performed using antibodies against glial fibrillary acidic protein (GFAP; astrocyte marker, Invitrogen), 8-hydroxy-2 -deoxyguanosine (8-OHdG; DNA oxidation breakdown marker, Japan Institute for the Control of Aging), and anti-CD31 (capillary marker, BD Biosciences).
RNA extraction and quantitative real-time RT-PCR
Total RNA was extracted from tissues using TRI Reagent (Molecular Research Center, Inc.), after which the RNA was treated with DNA-free (Ambion) to remove contaminating DNA and reverse transcribed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time RT-PCR was carried out using an Applied Biosystems 7300 real-time PCR System with SYBR green (Toyobo, Japan) or Realtime PCR Master Mix (Toyobo) and TaqMan probes (MBL). The primers and probes used are listed in Table 1 . Values were normalized to mouse GAPDH (Pre-Developed TaqMan assay reagents, Applied Biosystems).
Statistical analysis
Values are expressed as the mean ± SEM. Student's t-test was used to determine the significance of differences between two means. Values of p < 0.05 were considered significant.
Results

Blood flow recovery after MCAO was delayed in RAMP2+/− mice
We used an MCAO model to evaluate the effect of acute cerebral infarction in WT and RAMP2+/− mice. When we compared cerebral blood flow (CBF) 24 h after MCAO, the blood flow recovery tended to be lower in RAMP2+/− mice (Fig. 1A) . Immediately after the operation, both the infarcted and contralateral sides of the brain showed transiently diminished blood flow. In WT mice, blood flow then rapidly recovered on the contralateral side. In contrast, in RAMP2+/− mice, blood flow recovery on the contralateral side appeared to be greatly affected by the poor recovery on the infarcted side (Fig. 1B) -i.e., blood flow to both the infarcted side and contralateral side remained diminished 24 h after the MCAO operation.
Greater neural cell damage and oxidative stress in RAMP2+/− mice after MCAO operation
Histological analysis 24 h after MCAO revealed reductions in cell density, cellular vacuolation and nuclear alterations in the cerebral cortex, callous corpus and corpus striatum boundary region in both RAMP+/− and WT mice, but the damage was more severe in RAMP2+/− mice (Fig. 2) . In Kluver-Barrera staining of the brain sections ( Fig. 3A-C) , the number of cresyl violet-stained neurons at the cerebral cortex ( Fig. 3B ) and luxol fast blue-stained myelin at the corpus striatum boundary region (Fig. 3C) were decreased in RAMP2+/− mice. Oxidative stress was assessed on the infarcted side by immunostaining for 8-OHdG, levels of which are indicative of the degree of oxidative DNA damage. We found that 8-OHdG levels were higher in RAMP2+/− than WT brains (Fig. 3D ). Furthermore, TUNEL analysis of the infarcted area showed a significantly higher incidence of apoptosis in RAMP2+/− brains than in WT brains ( Fig. 3E and F) , indicating greater irreversible brain damage. Taken together, these findings indicate RAMP2+/− mice are more vulnerable to acute brain ischemia than WT mice.
Altered gene expression in RAMP2+/− mice following MCAO
We next evaluated the gene expression in the infarcted and contralateral cerebral hemispheres after MCAO or sham operation (Fig. 4) . In RAMP2+/− mice, RAMP2 gene expression was reduced to about half of that seen in WT mice. On the other hand, CLR and another RAMP isoform, RAMP3, were unchanged. AM expression was increased on the infarcted side in both genotypes, but the elevation was pronounced in RAMP2+/− mice, which suggests a compensatory response to the reduction of AM-RAMP2 signaling in RAMP2+/− mice.
Although the difference was not statistically significant, the gene expression level of IL-1␤ was slightly higher in RAMP2+/− following MCAO. Thus, RAMP2+/− mice showed more severe brain damage with greater inflammation after acute ischemia than WT mice.
Blood flow recovery after BCAS was delayed in RAMP2+/− mice Fig. 5A shows the protocol used for the evaluation of chronic cerebral ischemia using a BCAS model. Nine-week-old WT and RAMP2+/− mice underwent pre-training in an 8-arm radial maze for 8 days. The BCAS operation was then performed and blood flow recovery was followed for 28 days. At 14 weeks, behavior was analyzed using the 8-arm radial maze and at 16 weeks the brains were removed for further analysis. Immediately after the BCAS operation, CBF was depressed in both WT and RAMP2+/− mice ( Fig. 5B and  C) . During the period spanning 2 h to 12 h after the operation, the CBF returned to the basal level; however, it then gradually declined until the end of the observation period (day 28). The time-course of the changes in CBF was similar between WT and RAMP2+/− mice, but the flow at an early stage after the BCAS operation (2-24 h) was significantly lower in RAMP2+/− mice (Fig. 5C ).
Behavior analysis reveals more severe cognitive disorder in RAMP2+/− mice After monitoring CBF for 28 days, we performed a behavioral analysis using an 8-arm radial maze. The visits to the arm with a food pellet were considered correct, and the number of visits out of the first four choices were counted. Thus the maximum score was 4 ( Fig. 6A) . At a relatively earlier stage in the behavioral analysis (day 3), the counts of correct answers were significantly lower in RAMP2+/− mice than in WT mice. Correspondingly, the counts of visits to an arm without a food pellet (reference memory errors) were significantly higher in RAMP2+/− mice on days 3 and 7, indicating more severe disturbance of reference memory (Fig. 6B ). In addition, the average time required to obtain the food pellets was significantly longer for RAMP2+/− mice (Fig. 6C) . Such differences were not detected during the pre-training period (Fig. 6D-F ), suggesting lower RAMP2 levels exacerbate the cognitive disorder related to chronic cerebral ischemia.
Greater neuronal cell loss, glial cell activation, oxidative stress, and retarded capillary formation in RAMP2+/− Pathological analysis performed after 42 days of BCAS revealed that RAMP2+/− brains showed greater neural cell loss from the cerebral cortex than WT mice ( Fig. 7A and B) . Likewise, neural cell loss in the callous corpus and corpus striatum boundary region was also greater in RAMP2+/− mice than in WT mice (data not shown). On the other hand, GFAP-positive astrocytes in the cerebral cortex were increased in RAMP2+/− mice (Fig. 7C ), indicating glial cell activation. Oxidative stress, indicated by oxidative DNA damage (8-OHdG levels; Fig. 7D ) was higher in the cerebral cortex, callous corpus, and corpus striatum boundary region in RAMP2+/−. On the other hand, CD31-positive capillary formation was retarded in the cerebral cortex of RAMP2+/− (Fig. 7E) .
Histological changes detected early after BCAS in RAMP2+/− mice
Because there was a large transient fall in CBF early after the BCAS operation, even though the cerebral vessels were not completely blocked, we speculated that histological changes might have occurred earlier than day 42. Consistent with that idea, even on day 1 after the BCAS operation, cell densities were lower in RAMP2+/− than WT brains (Fig. 8A) . Moreover, on day 5 after the operation, cellular vacuolization was greater in RAMP2+/− than WT brains (Fig. 8B ).
Altered gene expression in RAMP2+/− mice subjected to BCAS
In RAMP2+/− mice, the gene expression of the inflammatory cytokines was slightly higher than WT early after BCAS. This suggests that, as with MCAO, inflammatory responses occurred early after induction of BCAS and were more severe in RAMP2+/− (Fig. 9 ).
Discussion
Significant advances have been made in our understanding of the cellular and molecular events underlying ischemic cell death after cerebral infarction, including loss of metabolic stores, excessive intracellular calcium accumulation, oxidative stress, and potentiation of the inflammatory response [40] . We anticipate that knowledge of the underlying cellular and molecular mechanisms will enable development of novel therapeutic approaches to the treatment of cerebral ischemic disease. Within this context, endogenous vasoactive molecules, which work to maintain vascular and organ homeostasis, appear to be attractive therapeutic targets. One of these vasoactive molecules is AM, which, in addition to inducing vasodilation, exerts antiapoptotic, antiinflammatory, antioxidative stress, and organ-protective effects. Indeed, the potential for AM use in the treatment of cerebrovascular diseases has attracted much attention. For instance, using a transient focal ischemia model, Miyamoto et al. found that infarct volumes and neurological deficits were greater in AM+/− mice than in WT mice [16] . They also reported that reduced cAMP-protein kinase A signaling in AM+/− mice leads to increases in oxidative stress, which likely worsens the ischemic brain damage. In addition, Fernandez et al. reported that CNS-specific AM−/− mice were less resistant to hypobaric hypoxia than WT mice, suggesting AM exerts a neuroprotective effect in the CNS [4] . Conversely, using mice overexpressing circulating AM, Maki et al. showed that elevation of AM levels after cerebral infarction accelerated capillary formation, hastened blood flow recovery, and prevented memory deficits [14] .
These earlier observations provide compelling evidence that AM works to prevent cerebral injuries, but they provide no information about which of the two dimeric receptors of AM, CLR/RAMP2 and/or CLR/RAMP3, mediate those beneficial effects. However, we previously reported that AM−/− and RAMP2−/− mice die in utero due the same defect in vascular development [5] . In contrast, RAMP1−/− and RAMP3−/− mice are born normally [1, 35] . Moreover, aged RAMP2+/− mice spontaneously develop severe organ fibrosis with accelerated vascular senescence [12] . We therefore postulated that RAMP2 is the key determinant of the vascular functionality of AM. In the present study, we showed that AM acting via CLR/RAMP2 works to prevent brain injury in both acute and chronic cerebral ischemia.
Adrenomedullin was originally isolated as a potent vasodilator, and we reported that AM plays a key role in the physiological regulation of vascular tone [19, 20] . AM expression was upregulated by hypoxia in an acute cerebral infarction model [27] , while intravenous infusion of AM increased CBF and prevented ischemic brain injury [3] . Thus, AM is thought to be upregulated in response to cerebral ischemia as a compensatory response to restore CBF. In the present study, we found that AM gene expression was elevated on the infarcted side after MCAO in both WT and RAMP2+/− mice, but the response was more pronounced in RAMP2+/− mice. This suggests there was positive feedback to offset the reduction of RAMP2, and thus AM-CLR/RAMP2 signaling, and that RAMP2 plays a central role with AM after cerebral infarction. In addition, CBF was also depressed on the contralateral side after cerebral infarction in RAMP2+/− mice. This likely reflects the fact that, even without vascular occlusion, anesthesia and operative procedures often affect CBF, and again RAMP2+/− mice were more sensitive to these procedures. Taken together, these results indicate that the endogenous AM-RAMP2 system plays a protective role to maintain CBF after acute cerebral infarction.
Inflammatory cytokines are important factors contributing to ischemic brain injury [2] . AM has been shown to suppress inflammation [8] . In the present study, we found that the gene expression of inflammatory cytokines was slightly higher in RAMP2+/− mice after MCAO and early after BCAS. Inflammation has been implicated as a secondary mechanism underlying ischemia-induced neuronal injury, extending the area of brain infarcts [38, 39] . Consistent with those reports, we observed that activation of astrocytes in the BCAS model was enhanced in RAMP2+/− mice, likely exacerbating inflammation and neural cell injury [33, 36] . With loss of RAMP2, therefore, not only do the diminished vascular effects contribute to the severity of brain damage, but so does the enhanced inflammatory response.
Inflammation and oxidative stress are closely related in cerebrovascular disease, acting together to exacerbate its pathology [15] . Shimosawa et al. first reported the antioxidative function of AM through the suppression of NADPH oxidase [30, 31] . We reported that aged RAMP2+/− mice showed severe organ fibrosis with marked oxidative stress and accelerated vascular senescence. Conversely, endothelial cells stably overexpressing RAMP2 were protected from cellular senescence induced by oxidative stress [12] . In the present study, we found that the level of oxidative stress marker was higher in RAMP2+/− mice than in WT mice, suggesting the antioxidative effects of the endogenous AM-RAMP2 system are also protective against ischemic brain damage. Collectively then, our findings indicate that the AM-RAMP2 system protects against brain injury by restoring CBF and suppressing both inflammation and oxidative stress.
There are currently no effective treatments for vascular dementia, which is an aftereffect of cerebral infarction -i.e., there are as yet no treatments that can restore cerebral perfusion or the functionality of cerebral vessels. Consequently, enhancement of angiogenesis could be the most promising approach to treating vascular dementia. In BCAS-induced chronic cerebral ischemia, we found that RAMP2+/− mice showed reduced capillary development. We also found that reducing RAMP2 worsened the cognitive disorder associated with chronic cerebral ischemia. Maki et al. reported that AM promotes angiogenesis and prevents cognitive decline after chronic cerebral hypoperfusion in mice [13] . We also reported that AM+/− mice showed reduced blood flow and capillary formation in tumor transplantation and hind-limb ischemia models [6] . AM possesses novel angiogenic properties mediated by its ability to enhance VEGF expression [7] . However, during the chronic phase after BCAS, we detected no change in VEGF expression (data not shown). We believe that the angiogenic potency of AM does not solely reflect its regulation of angiogenic factors; we reported that RAMP2−/− mice also showed disruption of cellular adhesion, tight junctions, and the actin cytoskeleton of vascular endothelial cells [5, 12] .
AM has been attracting much attention for its potential clinical application. On the other hand, the clinical applicability of AM, like that of other endogenous bioactive peptides, has limitations; AM has a very short half-life in the blood, which makes it impractical for use in the treatment of chronic diseases, such as vascular dementia. In the present study, we showed that through maintenance of CBF and suppression of inflammation and oxidative stress, endogenous RAMP2, a component of the dimeric AM receptor (CLR/RAMP2), works to prevent tissue damage after cerebral ischemia, thereby contributing to the maintenance of cognitive function. We therefore suggest that the CLR/RAMP2 complex or RAMP2 itself could be a useful therapeutic target for the prevention or treatment of cerebrovascular diseases, including both cerebral infarction and vascular dementia. It is noteworthy that RAMP2 is the critical determinant of the protective effects of AM in cerebral ischemia. In that context, our findings provide a clear rationale for the development of drugs that modulate RAMP2 and thus the vascular functionality of AM.
